ABSTRACT. Cajazeira (Spondias mombin L.), of the family Anacardiaceae, is a species of fruit tree found in the Amazon region with fruits that have excellent prospects for commercial use. We aimed to evaluate the genetic diversity within and among natural populations of S. mombin, with natural occurrence in northern Mato Grosso State, by using inter-simple sequence repeat (ISSR) markers. Overall, 126 individuals were evaluated from three populations located Alta Floresta (AFL) 42, Marcelândia (MAR) 41, and Nova Bandeirantes (NBA) 43. The individuals were genotyped with 14 ISSR primers, which amplified 99 fragments. All markers, with the exception of DiGA3'A, presented a polymorphic information content above 0.25, and thus, are Analysis of molecular variance showed that 77.38% of the total genetic variation is found within populations while 22.62% is found among populations. AFL and NBA are genetically the most similar populations and also the closest "Structure" revealed genetic diversity among the genotypes of each population. As there is genetic variability in both populations, and there are no genetically identical individuals, both populations can be a source of genotypes for germplasm banks and for future commercial fruitful plantations S. mombin.
recommended for diversity analyses in S. mombin. Genetic diversity of the AFL [Nei's diversity (H) = 0.2430 and Shannon index (I) = 0.3547] and MAR (H = 0.2062 and I = 0.2993) populations was higher when compared to the NBA population, which presented the lowest genetic diversity (H = 0.2002 and I = 0.2957) . Analysis of molecular variance showed that 77.38% of the total genetic variation is found within populations while 22.62% is found among populations. AFL and NBA are genetically the most similar populations and also the closest "Structure" revealed genetic diversity among the genotypes of each population. As there is genetic variability in both populations, and there are no genetically identical individuals, both populations can be a source of genotypes for germplasm banks and for future commercial fruitful plantations S. mombin.
INTRODUCTION
Brazil offers a wide diversity of soil and climates, which favor the cultivation of various tropical fruit species, raising its fruit culture potential (Simão, 1998) . Cajazeira (Spondias mombin L.) is a fruitful species belonging to Anacardiaceae family, including species such as cirigueleira, cajaraneira, and umbuzeiro (Souza, 2005) . These species are scattered in the tropical regions of America, Africa, and Asia, and in Brazil, they are found mainly in the north and northeast regions.
The fruits have been given different names, including cajá, cajá verdadeiro, cajá-mirim, and taperebá (Sacramento and Souza, 2000) . They exhibit high potential for use in agro-industry due to the high nutritional quality of their pulp, which is rich in carotenoids, sugars, and vitamins A and C (Barroso et al., 1999) . The cultivation of cajazeiras represents a way for Brazil to expand its exports, due to the use of the fruit in natura, in the form of juice, ice cream, jam, and frozen pulp (Silva, 2003) .
Due to the increased consumption of cajazeira fruits and their derivatives, these species have attracted interest for cultivation; however, there is still little information available regarding the planting of commercial orchards (Bosco et al., 2000) .
According to Costa et al. (2011) , information on the genetic variation of native species, both within and between populations, is fundamental for the development of strategies that permit the domestication and incorporation of these species into regional productive systems, as well as to support plans for the conservation of genetic resources.
Molecular techniques accelerate the analysis of variability and selection mainly when working with perennial species. Among the various molecular techniques, inter simple sequence repeats (ISSRs) have been used successfully to reveal molecular polymorphisms in several plant species, and are considered to be widely variable due to their widespread occurrence and distribution in the genome (Ellegren, 2004) . In addition, this marker has the advantage of not requiring prior information of the genome and is highly polymorphic (Ziekiewicz et al., 1994) . It has proven to be useful in genetic studies, especially when investigating the genetic diversity and relationships between closely related individuals (Salimath et al., 1995) .
Several studies conducted with ISSR markers have demonstrated their efficiency in the analysis of genetic variability in populations of plants such as Theobroma speciosum (Giustina et al., 2014) , Theobroma subincanum (Rivas et al., 2013) , Mauritia flexuosa , and umbu-cajazeira (Santana et al., 2011) . The above studies may provide important information for the conservation and creation of breeding programs aimed at the commercial cultivation of the species.
There is growing commercial interest in S. mombin, and conservation strategies aim to gather genetic information on this species to enable the genetic resources to be fully characterized in order to prevent the loss of genetic variability and to allow promising genetic gains for improvement. In this context, the present study aimed to evaluate the genetic diversity within and among populations of S. mombin with natural occurrence in the north of Mato Grosso State using ISSR markers.
MATERIAL AND METHODS

Vegetable material
To characterize the genetic diversity of S. mombin, three cities located in the northern region of the state of Mato Grosso were selected: Alta Floresta (AFL; 09°52'32''S and 56°05'10''W), Marcelândia (MAR; 11°05'22''S and 54°27'02''W), and Nova Bandeirantes (NBA; 09°48'50''S and 57°51'43''W). In each municipality, an area of the species natural occurrence was selected; each area was made up of one study population, for a total of three populations. A total of 126 individuals were sampled, which were distributed between the municipalities of AFL (N = 42), MAR (N = 41, and NBA (N = 43).
Young leaves of 126 individuals were collected from the three populations, the leaf material was identified and packaged in silica gel while still in the field, and was subsequently stored in a freezer at -20°C.
Extraction of total DNA, selecting of primers, optimization of PCR, and ISSR amplification
Total genomic DNA was extracted from approximately 100 mg leaves by following the cetyltrimethylammonium bromide (CTAB) as described by Doyle and Doyle (1987) . The leaves were macerated with liquid nitrogen. They were later transferred to 2-mL micro tubes, identified, and 800 µL 5% CTAB Buffer (100 mM Tris-HCl, pH 8.0; 1.4 M sodium chloride; 20 mM EDTA), containing 2% PVP (polyvinylpyrrolidone) and 3% β-mercaptoethanol was added. Then, the samples were homogenized in a vortex mixer for 1 min and incubated in a water bath at 65°C for 30 min. After extraction, the DNA was resuspended in TE buffer and kept at -20°C.
The extracted DNA was quantified by comparing the size with DNA of known molecular mass by electrophoresis on 1% agarose gel stained with ethidium bromide (Ferreira and Grattapaglia, 1998) . The gels were analyzed using a transilluminator under ultraviolet light and then photographed. After quantification, the DNA samples were diluted in autoclaved distilled water and standardized to a concentration of 20 ng/µL.
For ISSR amplification, a total of 50 ISSR primers (UBC primer set #9, Biotechnology Laboratory, University of British Columbia, Canada) were evaluated using four randomly chosen individuals. Among the 50 primers, 14 that yielded strong, reproducible bands were selected for use in subsequent experiments (Table 1) PCR amplifications were carried out in a final volume of 20 µL, containing 1 µL DNA (20 ng), 2 µL buffer (10X 1 M KCl; 1 M Tris pH 8.3; 1 M MgCl 2 ; 10% Tween 20), 2 µL MgC 2 (25 mM), 3 µL primer (0.2 mM), 4 µL dNTP (0.1 mM each dNTP), 1 µL DMSO, and 0.2 µL Taq polymerase (5 U/µL). Amplifications were performed in a thermocycler biocycler (MJ 96) under the following conditions: 15 min at 95°C (initial denaturation); 35 cycles of 30 s at 94°C (denaturation); 45 s at 48°-50°C (depending on the primer used) (annealing); 2 min at 72°C (extension), and 7 min at 72°C (final extension).
Amplified products were separated by electrophoresis on 1.5% agarose gel in running buffer 1X TBE (89.15 mM Tris basis; 88.95 mM boric acid; 2.23 mM EDTA), at a constant voltage of 90 V for approximately 4 h. Gels were stained with ethidium bromide (0.6 ng/µL) for 15 min. The sizes of the amplified fragments were estimated through comparison with a 100-bp DNA Ladder. The gel was then photographed upon irradiation with ultraviolet light through a UVB Transilluminator LTB-21x26 (Loccus Biotechnology ® ) and a digital camera (Sony ® ).
Analysis data
The ISSR fragments were treated as dominant markers and judged as binary characters: (1) presence or (0) absence of bands. Only robust and unambiguous bands were evaluated. Bands of weak intensity or those coalescent with other bands were excluded. The binary matrix showing the presence/absence of bands was analyzed using the program POPGENE (Population Genetic Analysis) version 1.32 (Yeh et al., 1999) to estimate the genetic diversity based on Nei's genetic diversity (1978) (H), the percentage of polymorphic loci (P%), and the Shannon index (I) for each population and for the set of populations. Genetic diversity was analyzed among populations using Nei's method (1978) , estimating the total heterozygosity (Ht), the average gene diversity within populations (HS), the average genetic divergence between the populations (G ST ), and the gene flow (Nm).
Analysis of molecular variance (AMOVA) was used to reveal the distribution of the genetic diversity within and between populations as described by Excoffier et al. (1992) , with the aid of the program ARLEQUIN 3.01 (Excoffier et al., 2006) . Genetic diversity at the locus or the polymorphism information content (PIC) was used to evaluate the discriminatory power of one locus. The informativeness of locus p i is the frequency of allele p in locus p i , calculated using the equation, To form the matrix of dissimilarity, the arithmetic complement of the Jaccard index was used. The genetic dissimilarity matrix was used to analyze the grouping of genotypes by the unweighted pair-group method average (UPGMA) method, which was computed with the aid of the program GENES (Cruz, 2006) .
The program "Structure" (Pritchard et al., 2000) , based on Bayesian statistics, was used to infer the number of genetic groups (k). Twenty run-ins were performed for each value of k, 200,000 initial interactions ("burn-ins"), and 500,000 Monte Carlo simulations through the Markov chain. To determine the most probable value of k, we used the criteria proposed by Pritchard and Wen (2004) and Evanno et al. (2005) .
RESULTS AND DISCUSSION
The 14 ISSR primers amplified a total of 99 fragments in the 126 Cajá genotypes, including 64 (64.65%) polymorphic and 35 (35.35%) monomorphic bands. The average number of bands amplified per primer was 6.97. Figure 1 shows the standard of amplification obtained using primer 24 in individuals from the MAR population. According to Alves et al. (2007) , the majority of tropical tree species present a large number of alleles per locus. This includes the average found in the present study (6.97), showing that S. mombin has variability and that its genotypes possess genetic material that may be used in breeding programs and for subsequent domestication. Santana et al. (2011) studied 17 accessions of umbu-cajazeiras belonging to BAG Tropical Fruit of EMBRAPA Mandioca e Fruticultura using ISSR markers, and found an average of 10 bands per primer. This is higher than that found in the present study, in which an average 6.97 bands were found per primer, which is justified by the fact that this study was performed to evaluate natural populations without prior selection of genotypes.
The primer that presented the highest PIC value in each population was AFL (DiAC3'C: 0.45), MAR (DiTG5'HVH: 0.49), and NBA (DiAC3'C: 0.48). Those presenting the smallest values were AFL (DiTG5'HVH: 0.14), MAR (DiGA3'A/DiAC3'G/DiAG3'YC* both with 0.10), and NBA (TriCTC: 0.04) ( Table 1) .
According to the classification of Botstein et al. (1980) , markers with PIC values above 0.5 are considered very informative, values between 0.25 and 0.50 are considered moderately informative, and values lower than 0.25 are considered little informative. According to Boza et al. (2013) , highly polymorphic markers are useful in the identification of genetic diversity. In general, regardless of the population of the 14 markers used, except DiGA3'A, 13 presented PIC values above 0.25. These findings indicate that the primers used were moderately informative and are therefore, recommended for the analysis of diversity in cajazeira.
The highest index of diversity, estimated from H and I, was found in populations AFL (H = 0.2430 and I = 0.3547) and MAR (H = 0.2062 and I = 0.2993), while NBA had the lowest genetic diversity (H = 0.2002 and I = 0.2957); in level of species, without considering the populations separated, the diversity showed the following results: H = 0.2689 and I = 0.3971 (Table 2 ). The Shannon diversity index and Nei's genetic diversity vary from 0 to 1, with 0 considered as zero gene diversity and 1 considered the maximum gene diversity. The data obtained here show there is genetic diversity in natural populations of S. mombin. The diversity index in other species obtained under the conditions used in this study may aid in understanding H and I. Rossi et al. (2014) reported high diversity in M. flexuosa (H = 0.206 and I = 0.308), and Estopa et al. (2006) reported high diversity in natural populations of Eremanthus erythropappus (H = 0.490 and I = 0.330). These results are relatively similar to those obtained in the present study. However, the values of H and I described in those previous studies were higher than those obtained for S. mombin.
Estimated by Nei's genetic diversity index (H) and the Shannon index (I). Percentage polymorphism (P%); sample size (N).
Among the analyzed populations, AFL and NBA showed a higher percentage of polymorphism, which was 61.21 and 52.76% respectively, when compared to that of the MAR population, which presented 50.78% polymorphism.
The results of AMOVA indicated that 22.62% of the total variance occurred among populations and 77.38% occurred within populations, demonstrating that the greatest genetic differentiation lies within the intrapopulation rather than the interpopulation component (Table  3) . There was significant genetic differentiation (P < 0.01) among the populations. *d.f. = degrees of freedom, SS = sum of squares, CV = coefficient of variation, TV = total variation, and P = chances of a variance component greater than the observed values by chance. The probabilities were calculated using 1023 random permutations. F ST = 0.2262. These results are consistent with several studies on tropical species showing that greater genetic diversity occurs at the intrapopulation level (Rossi et al., 2009; Bertoni et al., 2010; Brandão et al., 2011) . Studies on genetic variability in natural populations of plants in tropical regions have demonstrated that high levels of variability are preserved within populations (Paiva, 1998) .
The results found for S. mombin in this study are consistent with the conclusion of Avise and Hamrick (1995) , who stated that autogamous species have low genetic diversity within populations and high genetic differentiation among populations, when compared with allogamous species such as cajazeira.
For species with crossing reproduction (allogamous), estimates of genetic differentiation between natural populations based on data from AMOVA with random amplified polymorphic markers (a dominant marker similar to ISSR) are usually below 28%. For autogamous species, the estimated interpopulation genetic variation is normally above 70% (Nybon and Bartish, 2000) . Genetic diversity among the populations in the present study was 22.62% (Table 3) , which is within the estimates of Nybon and Bartish (2000) for species with crossing reproduction. According to Hartl (2008) , allogamous species permit high rates of diversity to be found within populations, since allogamy favors recombination.
Another genetic parameter that enables genetic drift between populations to be estimated is the F ST (interpopulational genetic divergence), which was estimated at 0.2262 in the present study (Table 3) , indicating a moderate level of genetic divergence among the three populations studied. According to Wright (1965) , F ST values above 0.25 indicate high levels of genetic differentiation. Therefore, these results reinforce the existence of genetic differentiation in the S. mombin populations analyzed, making the collection of genotypes from each population necessary to compose germplasm banks and to maintain the diversity of the species These banks will subsequently subsidize the selection of genotypes for commercial plantations.
The values for F ST and estimated Nm, suggest that Nm has been sufficient to counteract the effects of drift, revealing a significant differentiation among populations, when measured by the fixation index, F ST .
Ht estimated was 0.2688, indicating that the species in these populations represent a reserve of genetic variability. The percentage of G ST was 0.1947. In the populations of S. mombin studied, the estimated Nm or number of migrants per generation was 2.0684; therefore, it can be concluded that there was Nm between generations and that the populations are not genetically isolated.
Values of Nm lower than 1.0 indicate genetic isolation, and values greater than 1.0 are sufficient to prevent the random loss of alleles within populations. A value of Nm greater than four migrants per generation indicates homogenization of alleles within the population (Hartl and Clark, 1997) .
According to Hamrick (2012) , Nm among individuals within and between populations can have a big impact on the distribution of genetic variation. This is because the Nm, when introducing new variations, reduces the genetic differentiation among populations. In fact, one or more individual migrant between the populations is sufficient to prevent substantial differentiation between them.
The observed Nm may be associated with historic Nm when the populations were part of a single large population. Thus, data should be interpreted with caution, because this indicates that populations from different regions, although geographically isolated, feature alleles and similar frequencies as a result of historical Nm (Raposo et al., 2007) . Table 4 shows the estimated genetic identity and Nei (1978)'s genetic distance for all pair-to-pair comparisons among populations. The largest genetic identity was observed between the populations from AFL and NBA (0.9047), while the lowest was between the populations from MAR and NBA (0.9016). These results demonstrate that the populations from AFL and NBA are the most similar genetically (0.9047), whereas those from MAR and NBA are genetically more distant (0.1036), showing that the populations with greater genetic similarity are the nearest geographically. This suggests that the genetic structure of S. mombin can be determined by the geographical distance between populations. *Distance provided by Google Earth, in a straight line. The dendrogram generated based on UPGMA of the 126 analyzed genotypes formed nine groups. Group I was allocated 21 genotypes of the MAR population; Group II contained six genotypes from AFL; Group III was formed by three genotypes of the MAR population; Group IV contained six genotypes from AFL; Group V contained 15 MAR genotypes; Group VI was composed of 26 genotypes from AFL; Group VII was allocated 44 genotypes, including 43 individuals of the NBA population and one genotype of the AFL population; Group VIII merged two MAR genotypes; and Group IX contains three genotypes from AFL.
All of the individuals formed well-defined groupings with genotypes in the same population, except for genotype 40 of the AFL population, which was allocated to Group VII from the NBA population.
The cophenetic correlation showed an association of 76% (CCC = 0.7600) between the distances obtained in the dissimilarity matrix (complement of Jaccard) and the cophenetic matrix. According to Patto et al. (2004) , cophenetic correlations higher than 0.56 reflect good concordance between the arrays.
The number of genetic groups (k) was also determined using the Structure program (Pritchard et al., 2000) , which is based on Bayesian statistics. The best k value found relating to the three populations was represented by three groups (k = 3), which verified that the individuals are clearly allocated according to their place of origin (Figure 2) . In conclusion, molecular characterization revealed that the genetic diversity is greater at the intrapopulation than at the interpopulation level in the populations studied, and that the populations with greater genetic similarity are the closest geographically. It is proposed that individuals from populations AFL, MAR and NBA are retained in order to preserve the intrapopulation genetic diversity, and to maintain genetic variability and the effective conservation of these populations. As there is genetic variability in both populations, and no individuals are genetically very close or identical, both may represent a source of genotypes for germplasm banks and for future commercial fruitful plantations of S. mombin.
